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The ferrimagnetic spinels MnB2O4 (B = Mn,V) exhibit a similar series of closely spaced magnetic
and structural phase transitions at low temperatures, reflecting both magnetic frustration and a
strong coupling between the spin and lattice degrees of freedom. Careful studies of excitations in
MnB2O4 (B = Mn,V), and the evolution of these excitations with temperature, are important for
obtaining a microscopic description of the role that magnetic excitations and spin-lattice coupling
play in the low temperature phase transitions of these materials. We report an inelastic light
(Raman) scattering study of the temperature and magnetic field dependences of one- and two-
magnon excitations in MnV2O4 and Mn3O4. We observe a pair of q = 0 one-magnon modes at
74 cm−1 and 81 cm−1 in MnV2O4, which is in contrast with the single 80 cm−1 q = 0 magnon that
has been reported for MnV2O4 based on previous neutron scattering measurements and spin wave
calculations. Additionally, we find that the two-magnon energy of MnV2O4 decreases (“softens”)
with decreasing temperature below TN , which we attribute to strong coupling between magnetic
and vibrational excitations near the zone boundary.
I. INTRODUCTION
Spinel compounds (chemical formula AB2X4) con-
sist of an A-site diamond sublattice and a geometri-
cally frustrated B -site pyrochlore sublattice.1 A remark-
able feature of these materials is the diversity of phe-
nomena that result from the substitution of magnetic
ions on the frustrated B -site sublattice. For example,
superconductivity,2 charge ordering,3 and heavy fermion
behavior4 have all been reported in the LiB2O4 (B =
Ti,Mn,V) family of spinels. The ferrimagnetic spinels
Mn3O4
5–7 and MnV2O4
7–10 offer a particularly interest-
ing comparison: Both systems exhibit a similar series
of closely spaced magnetic and structural phase transi-
tions at low temperatures, reflecting both magnetic frus-
tration and a strong coupling between the spin and lat-
tice degrees of freedom. For example, MnV2O4 orders
ferrimagnetically below TN = 56 K, but transitions to
a noncollinear ferrimagnetic phase following a cubic-to-
tetragonal structural transition at To = 53 K.
7–10 Simi-
larly, Mn3O4 orders in a noncollinear ferrimagnetic phase
below TN = 42 K before subsequently transitioning first
to an incommensurate magnetic phase at T1 = 39 K,
and then to a cell-doubled version of the noncollinear
ferrimagnetic phase below a tetragonal-to-orthorhombic
structural transition at T2 = 33 K.
5,6 It remains an open
question how these complex magnetostructural transi-
tions in MnB2O4 (B=Mn,V) are influenced by the or-
bital configurations, which are quite different in Mn3O4
and MnV2O4. While the B -site Mn
3+ ion in Mn3O4 is
locked into a specific orbital configuration11 below the
cubic-to-tetragonal transition near To = 1440 K,
5–7,12
the B -site V3+ ion in MnV2O4 remains orbitally degen-
erate below the cubic-to-tetragonal structural transition
at 53 K.7,10,13 Various orbital configurations for the V3+
ion in MnV2O4 have been proposed, including alternat-
ing dxz and dyz orbitals (L = 0) along the c-axis,
14 a
complex dxz+idyz (L = 1) configuration,
15,16 and even
more complicated mixtures of d-orbital states.17–20
Careful studies of excitations in MnB2O4 (B=Mn,V),
and the evolution of these excitations with temperature,
are important for obtaining a microscopic description
of the role that magnetic excitations and spin-lattice
coupling play in the low temperature phase transitions
of these materials. To date, however, there has been
little study of the temperature dependent evolution of
the magnetic excitations in MnV2O4 and Mn3O4. In
this paper, we report an inelastic light (Raman) scatter-
ing study of the temperature and magnetic field depen-
dences of one- and two-magnon excitations in MnV2O4
and Mn3O4. We show that while the two-magnon en-
ergy of Mn3O4 has a conventional temperature depen-
dence, the two-magnon energy of MnV2O4 exhibits an
anomalous decrease (“softening”) with decreasing tem-
perature below TN , which we attribute to strong spin-
lattice coupling associated with zone boundary magnons
in MnV2O4. In addition, our high-resolution study of
MnV2O4 at T = 3 K reveals a q = 0 one-magnon spec-
trum that differs in important respects from previous
neutron scattering results and spin wave calculations.
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2II. EXPERIMENT
A. Sample preparation
Single crystal samples of MnV2O4 were grown at
Florida State University using a traveling-solvent-
floating-zone technique.8 The feed and seed rods for the
crystal growth were prepared by solid state reaction. Ap-
propriate mixtures of MnO and V2O3 were ground to-
gether and pressed into 6 mm diameter, 60 mm long rods
under 400 atm hydrostatic pressure, and then calcined in
vacuum in a sealed quartz tube at 950 ◦C for 12 hours.
The crystal growth was carried out in argon gas in an
NEC IR-heated image furnace equipped with two halo-
gen lamps and double ellipsoidal mirrors. The growth
was conducted with the feed and seed rods rotating in
opposite directions at 25 rpm during crystal growth at a
rate of 30 mm/hour. Because of the evaporation of V2O3
during the growth, extra V2O3 in the starting material
and high growth speeds are critical for obtaining high
quality samples. The structural and magnetic properties
of the resulting crystal are reported elsewhere.8 The crys-
tal exhibits two magnetic transitions at 56 K and 52 K,8
consistent with previously reported temperatures.7,9,10
Single crystal samples of Mn3O4 were grown at the
University of Illinois using a floating-zone technique.21,22
Commercially available fine Mn3O4 powder (manganese
(II, III) oxide, ∼325 mesh, 97%, Sigma-Aldrich Co.)
was used as the starting material. The powder was
formed into feed/seed rods with a diameter of 10 mm
and a length of 150 mm, and was pressed at a hydro-
static pressure of 400 atm. The pressed rods were sin-
tered at 1050 ◦C for 5 hours with an argon gas flow of
0.5 L/min. Single crystal growth was performed using a
four-ellipsoid-mirror furnace (Crystal Systems Inc. FZ-
T-10000-H-VI-VP) equipped with four 1000 W halogen
lamps. The growth used a feed/seed (upper/lower shaft)
rotation rate of 35 rpm in opposite directions, a growth
rate (mirror-stage moving rate) of 5 mm/hour, a feed-
ing rate (upper-shaft moving rate) of 1 mm/hour, and a
growth atmosphere of oxygen at a gas pressure of 1 atm.
The structural and magnetic properties of the resulting
crystal are reported elsewhere.21–23 The crystal exhibits
three magnetic transitions at 43 K, 39 K, and 33 K, con-
sistent with previously reported temperatures.5,6
The crystallographic orientations of the samples used
in this experiment were determined via x-ray diffraction
performed at room temperature.
B. Raman scattering measurements
Raman scattering measurements were performed using
the 647.1 nm excitation line from a Kr+ laser. The inci-
dent laser power was limited to 10 mW, and was focused
to a ∼50 µm diameter spot to minimize laser heating
of the sample, which was estimated to be roughly 4 K.
The scattered light from the samples was collected in a
backscattering geometry, dispersed through a triple stage
spectrometer, and then detected with a liquid-nitrogen-
cooled CCD detector. The samples were inserted into
a continuous He-flow cryostat, which was horizontally
mounted in the open bore of a superconducting mag-
net, allowing Raman measurements while the tempera-
ture was varied in the range T = 3 − 290 K and the
magnetic field was varied in the range H = 0− 8 T.
For the scattering experiments involving Mn3O4, the
incident light was circularly polarized with wavevector
k parallel to the c-axis. No analyzer was employed, in
order to couple to as many components of the Raman
tensor as possible in this geometry. The magnetic field
used in the magnetic field dependent measurements was
directed along the c-axis, parallel to k. For the scat-
tering experiments involving MnV2O4, two experimental
geometries were used. In geometry 1, the incident light
was circularly polarized with k parallel to a cubic axis.
No analyzer was employed, in order to couple to as many
components of the Raman tensor as possible in this ge-
ometry. The magnetic field used in the magnetic field
dependent measurements was directed along the same
cubic axis, parallel to k. In geometry 2, a 1 T magnetic
field was applied to define a unique [001] crystallographic
direction in the sample,24 where [hkl] refer to tetrago-
nal axes. The incident light was linearly polarized along
[11
√
2] with k ‖ [11¯0]. An analyzer was employed to
match the scattered polarization with the incident polar-
ization along [11
√
2]. This geometry was used to equalize
the intensities of the one-magnon excitations observed in
MnV2O4 (see Fig. 1 (d)).
III. RESULTS
Figure 1 shows the temperature dependence of the
MnV2O4 Raman spectrum in the 40− 240 cm−1 energy
range, which is expected to be dominated by magnon
excitations.7 The higher frequency phonon spectrum we
observe in MnV2O4 is consistent with that reported
previously25 and will not be reproduced here.26 For tem-
peratures near and above TN , the Raman spectrum of
MnV2O4 exhibits a broad continuum background. Since
MnV2O4 is insulating,
27 it is unlikely that this contin-
uum background represents inelastic electronic scatter-
ing. Rather, we associate this background with incoher-
ent spin scattering similar to that observed in Raman
scattering from low-dimensional spin systems28 and Cr-
based spinels.29 For temperatures T < TN , this inco-
herent spin scattering is suppressed, and several peaks
develop, including two sharp modes at 74 cm−1 (M1)
and 81 cm−1 (M2), a broad mode centered at 178 cm−1
(2M), and a weak “shoulder” near 90 cm−1 that will be
discussed in more detail in a later publication.
We identify the narrow peaks M1 and M2 as q = 0
one-magnon excitations, based upon the following: Both
peaks broaden and decrease in energy as T → TN , track-
ing the sublattice magnetization, and are absent at tem-
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FIG. 1. (color) (a)-(c) Raman scattering spectra of MnV2O4
taken in geometry 1 (see discussion in §II B) at various
temperatures in the energy ranges (a) 40 − 240 cm−1, (b)
60 − 90 cm−1, and (c) 120 − 280 cm−1. (d) Raman scat-
tering spectra of MnV2O4 taken in geometry 2 (see discus-
sion in §II B) at various temperatures in the energy range
60 − 90 cm−1. The data in (b)-(d) have been offset for clar-
ity. (e)-(g) Summaries of the temperature dependences of the
peak positions for peaks labeled M1, M2, and 2M, as esti-
mated by eye.
peratures above TN . Additionally, as shown in Fig. 2,
the energies of M1 and M2 change linearly with increas-
ing magnetic field applied along the net magnetization
direction — with rates of ∆E/∆H = +0.75 cm−1/T
and ∆E/∆H = +0.33 cm−1/T, respectively — consis-
tent with the field dependence expected of one-magnon
excitations.30 Finally, previous inelastic neutron scatter-
ing measurements of MnV2O4 confirm that there are
magnon branches very close in energy to M1 (74 cm−1)
and M2 (81 cm−1): One neutron study reports a q = 0
one-magnon band near 80 cm−1,7 while a second study
reports the crossing of two one-magnon bands near
80 cm−1 at q = 0.31
The broad band 2M in Fig. 1 was previously observed
in Raman scattering measurements and was attributed
to one-magnon scattering.25,32 Indeed, a fit to inelastic
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FIG. 2. (color) (a),(b) Raman scattering spectra of MnV2O4
taken in geometry 1 (see discussion in §II B) at various mag-
netic fields in the energy ranges (a) 70 − 90 cm−1 and (b)
120−240 cm−1. The data have been offset for clarity. (c),(d)
Summaries of the magnetic field dependences of the peak po-
sitions for peaks labeled M1, M2, and 2M, as estimated by
eye.
neutron scattering data indicates that there are two one-
magnon branches in the vicinity of 180 cm−1 at q = 0.7
However, while we cannot rule out the possibility that the
2M band in MnV2O4 has contributions from one-magnon
scattering, our discovery of one-magnon excitations M1
and M2 with linewidths an order of magnitude smaller
than that of 2M makes it unlikely that the 2M band in
Fig. 1 (a) can be attributed to a convolution of two closely
spaced one-magnon peaks. It is more likely that the 2M
band is associated with two-magnon scattering, involving
the excitation of magnon pairs with momenta +q and
−q. The substantially larger linewidth of 2M relative to
M1 and M2 reflects the fact that the two-magnon scat-
tering response is governed by the two-magnon density
of states.
Interestingly, the temperature dependence of the two-
magnon response in MnV2O4 is anomalous, as its energy
increases with increasing temperature towards TN (see
Fig. 1). By contrast, the two-magnon scattering energy
in magnetic materials is normally expected to decrease
with increasing temperature towards TN ,
30 reflecting a
decrease in the one-magnon energies and spin-spin corre-
lations with increasing temperature. As discussed below,
we propose that the anomalous temperature dependence
of the two-magnon scattering response in MnV2O4 is in-
dicative of strong spin-lattice coupling associated with
zone boundary magnons.
Figure 3 shows the temperature dependence of the
Mn3O4 Raman spectrum in the 40 − 200 cm−1 energy
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FIG. 3. (color) (a)-(c) Raman scattering spectra of Mn3O4 at
various temperatures in the energy ranges (a) 40−200 cm−1,
(b) 40 − 60 cm−1, and (c) 70 − 160 cm−1. The data in (b)
and (c) have been offset for clarity. (d),(e) Summaries of
the temperature dependences of the peak positions for peaks
labeled M1−M4 and 2M, as estimated by eye.
range. The higher frequency Raman spectrum of Mn3O4,
which is dominated by phonons, was reported by Kim et
al.21,22 and will not be reproduced or discussed here. The
sharp peak labeled P persists to room temperature and
is assigned to a phonon mode. For temperatures near
and above TN , the Raman spectrum of Mn3O4 exhibits a
broad continuum background similar to that observed in
MnV2O4. Again, as Mn3O4 is insulating,
33 we attribute
this background to inelastic magnetic, rather than elec-
tronic, scattering. For temperatures T < TN , the mag-
netic continuum background response is suppressed, and
several peaks develop: Four narrow peaks at 51 cm−1
(M1), 54 cm−1 (M2), 82 cm−1 (M3), and 142 cm−1 (M4),
and a broad, asymmetric band at 97.5 cm−1 (2M). The
weak feature labeled L is an artifact caused by stray light
and will not be discussed further.34
We identify the four narrow peaks M1−M4 as q = 0
one-magnon excitations, based upon the same criteria
discussed above for MnV2O4: All of these peaks, except
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FIG. 4. (color) (a),(b) Raman scattering spectra of Mn3O4 at
various magnetic fields in the energy ranges (a) 40− 60 cm−1
and (b) 70 − 160 cm−1. The data have been offset for clar-
ity. (c),(d) Summaries of the magnetic field dependences of
the peak positions for peaks labeled M1−M4 and 2M, as es-
timated by eye.
M4, broaden and decrease in energy as T → TN . Ad-
ditionally, the energies of the q = 0 one-magnon modes
M1−M4 in Fig. 3 correspond well with the q = 0 magnon
energies reported in a previous inelastic neutron scatter-
ing study.7
Figure 4 shows the magnetic field dependences of the
one-magnon excitations M1−M4 in Mn3O4 for a mag-
netic field applied orthogonal to the net magnetization
direction.35 All peaks except M1 exhibit linear magnetic
field dependences, with M2 increasing in energy at a rate
∆E/∆H = +0.34 cm−1/T and M3 and M4 decreas-
ing in energy at rates ∆E/∆H = −0.25 cm−1/T and
∆E/∆H = −0.54 cm−1/T, respectively. These field de-
pendences are consistent with earlier claims7 that the
one-magnon excitations identified as M3 and M4 (see
Fig. 3 (a)) involve spin excitations associated with the
frustrated B -site sublattice, as the Mn3+ spins on the B -
site are reported to have an antiferromagnetic component
in the direction of the applied magnetic field.5
We identify the broad band 2M in Mn3O4 (see Fig. 3
(a), (c), and (e)) as two-magnon scattering. The tem-
perature dependence of this response is similar to that of
the one-magnon excitations in Mn3O4, but like the two-
magnon band observed in MnV2O4 (peak 2M in Fig. 1),
the linewidth of peak 2M in Mn3O4 is much broader
than the one-magnon excitations. The broad linewidth of
peak 2M is consistent with the fact that the two-magnon
scattering response reflects the two-magnon density of
states.30 On the other hand, in contrast to the tempera-
5ture dependence of the two-magnon scattering response
in MnV2O4, the two-magnon response 2M in Mn3O4 ex-
hibits a conventional temperature dependence, decreas-
ing in energy as T → TN (see Fig. 3 (a), (c), and (e)).
IV. DISCUSSION
The Raman spectra of both MnV2O4 (Fig. 1) and
Mn3O4 (Fig. 3) exhibit well-defined one- and two-
magnon excitations that evolve below TN from a broad
scattering continuum background. This continuum scat-
tering is likely associated with scattering from short
range spin correlations on the frustrated pyrochlore (B -
site) sublattice. This conclusion is supported by the ob-
servation of short range Mn3+ spin correlations above TN
in diffuse neutron scattering and specific heat measure-
ments of Mn3O4.
36 Notably, the spin continuum scat-
tering near and above TN is significantly more promi-
nent in Mn3O4 (Fig. 3) than in MnV2O4 (Fig. 1). This
may reflect the much weaker B -site interchain exchange
coupling reported in Mn3O4 relative to MnV2O4,
7 since
spin fluctuations are expected to be enhanced in one-
dimensional chain systems.28
The primitive unit cells of Mn3O4 and MnV2O4 con-
tain six magnetic ions,5,10 and their spin wave dispersions
consist of six branches.7,15 In Mn3O4, we observe four
one-magnon excitations at q = 0 whose energies are con-
sistent with zone center magnon energies measured previ-
ously with inelastic neutron scattering.7 In MnV2O4, on
the other hand, we observe two one-magnon excitations.
We do not necessarily expect to observe all six magnetic
excitations in either material with Raman scattering, as
the particular symmetry of an excitation may be inac-
cessible to our technique. Even if a magnetic excitation
in a given material has a Raman-allowed symmetry, the
modulation of the crystal’s electronic susceptibility by
this excitation may be small, leading to a weak signal.
If this is the case, our observation of fewer one-magnon
excitations in MnV2O4 than in Mn3O4 may reflect the
difference between the orbital configurations of the V3+
and Mn3+ ions.
Significantly, while Chung et al.7 report a single q = 0
magnon near 80 cm−1 in MnV2O4, we observe two q = 0
magnons at 74 cm−1 and 81 cm−1 in this material. One
possible explanation for this discrepancy is that the two
modes we observe are associated with a slight splitting of
two transverse magnon branches at q = 0 — which is not
resolved by Chung et al.7 — due to anisotropy effects in
MnV2O4. However, a more likely interpretation is that
the 74 cm−1 and 81 cm−1 modes we observe in MnV2O4
are associated with a pair of one-magnon branches that
were recently reported by Magee to exhibit a crossing at
a momentum transfer equivalent to q = 0 in MnV2O4.
31
This is consistent with the number of magnon modes we
observe in this energy range; importantly, however, we
measure an 8 cm−1 (1 meV) splitting between the single-
magnon modes, rather than a band crossing, at q = 0 in
MnV2O4.
The q = 0 one-magnon spectrum of MnV2O4 we ob-
serve (see Fig. 1) should put constraints on the orbital
ground state of this material. To clarify this point, note
that there are currently several proposed orbital order-
ing schemes for the V3+ ion in MnV2O4.
14–20 Since each
orbital configuration has a different electron overlap, and
thus different exchange parameters, a principal test of the
orbital order in MnV2O4 has been a comparison between
exchange parameters calculated from particular orbital
configurations (e.g., Refs. 15 and 20) and exchange pa-
rameters extracted from a fit to inelastic neutron scatting
data reported by Chung et al.7 However, this fit does not
account for our observation of two q = 0 magnon ex-
citations near 80 cm−1 in MnV2O4. Specifically, to ex-
plain the two q = 0 magnon excitations near 80 cm−1,
one of the four higher energy bands at the zone center
of the fit given by Chung et al.7 would have to be low-
ered by at least 8 meV. More recent, higher resolution
neutron scattering measurements by Magee show that
one of the higher energy magnon branches in MnV2O4
does indeed disperse downward near the zone center;
however, the Magee neutron study reports a crossing of
magnon branches near 80 cm−1 at q = 0 rather than the
8 cm−1 splitting between q = 0 magnon modes that we
observe.31 In short, the q = 0 magnon spectrum we mea-
sure in MnV2O4 indicates that a revised fit to magnon
dispersion data is needed to obtain improved estimates
of the exchange parameters and orbital ground state in
MnV2O4.
The two-magnon scattering responses at 178 cm−1 in
MnV2O4 (Fig. 1) and 98 cm
−1 in Mn3O4 (Fig. 3) rep-
resent the creation of pairs of spin waves with momenta
+q and −q. The temperature dependence of the two-
magnon scattering energy ω2M has been calculated by
numerous authors:30,37,38 ω2M is expected to increase
with decreasing temperature, following the temperature
dependence of the one-magnon energy. The temperature
dependence of the two-magnon response in MnV2O4 is
anomalous, as the two-magnon energy decreases with de-
creasing temperature (see Fig. 1 (c) and (f)).
The two-magnon scattering intensity is proportional
to the two-magnon density of states, and is thus dom-
inated by pairs of spin waves with momenta near the
edge of the Brillouin zone. Therefore, the anomalous
two-magnon temperature dependence in MnV2O4 must
be associated with magnon interaction effects at the
zone boundary. Strong spin-lattice coupling associated
with the zone boundary magnons in MnV2O4 is the
simplest and most likely explanation for the anomalous
two-magnon temperature dependence, particularly given
the evidence for strong spin-lattice coupling apparent in
the closely spaced magnetic and structural phase transi-
tions of MnV2O4. A similar temperature dependence of
the two-magnon band in the spin-dimer system TlCuCl3
was also observed and attributed to strong spin-phonon
coupling.39
Notably, there is no evidence for anomalies associated
6with either of the q = 0 one-magnon peaks M1 and M2
in MnV2O4. These q = 0 magnon modes are well sep-
arated in energy from — and hence are not expected to
mix with — the q = 0 phonon modes of MnV2O4.
25,40
Strong spin-lattice coupling should be more pronounced
near the Brillouin zone boundary in this material, where
the dispersed acoustic phonons (or possibly softened op-
tical phonons) are more likely to overlap in energy with
magnons.
Our Raman results motivate a more conclusive investi-
gation of possible mixing of the spin and lattice degrees of
freedom at the zone boundary in MnV2O4, particularly
an inelastic neutron scattering search for anomalies in the
temperature dependence of zone boundary magnons and
phonons in the 9− 12 meV range. For example, neutron
scattering studies of the manganese perovskites revealed
spin wave softening and linewidth broadening of the zone
boundary magnons caused by spin-phonon coupling.41
In Mn3O4, we did not find a similar anomalous temper-
ature dependence for any of the magnetic excitations we
were able to observe. Spin-lattice coupling is known to
have significant effects in Mn3O4,
21,22,42–45 which raises
the question of why we do not observe magnon anoma-
lies in Mn3O4 similar to that observed in MnV2O4. A
likely reason for this discrepancy is simply that magnon-
phonon coupling in Mn3O4 occurs in a region of the Bril-
louin zone that is inaccessible to Raman scattering. Tem-
perature dependent neutron scattering studies, which
would allow a study of magnon and phonon anomalies
throughout the Brillouin zone of Mn3O4, are needed to
provide a more comprehensive search for magnon anoma-
lies associated with strong spin-lattice coupling.
V. SUMMARY
In summary, we have measured the temperature and
magnetic field dependences of one- and two-magnon ex-
citations in the magnetically frustrated spinels MnV2O4
and Mn3O4. Both materials exhibit diffusive spin scat-
tering above TN , which we associate with incoherent spin
fluctuations on the B -site sublattice. Below TN , one- and
two-magnon excitations develop in both MnV2O4 and
Mn3O4. In Mn3O4, the zone center magnon spectrum we
observe matches well with previous neutron scattering re-
sults and spin wave calculations. However, in MnV2O4,
we observe a pair of zone center magnon modes near
80 cm−1, one of which is not predicted by either cur-
rent spin wave calculations or the fit to inelastic neutron
scattering data of Chung et al.7 The q = 0 magnon re-
sults on MnV2O4 presented here, along with more re-
cent neutron scattering measurements of the magnon
branches in MnV2O4 by Magee,
31 indicate that a revised
fit to the magnon dispersion data for MnV2O4 is needed
to obtain improved estimates of the exchange parame-
ters and orbital ground state in MnV2O4. Finally, we
show that the two-magnon energy of Mn3O4 exhibits a
conventional temperature dependence, but that the two-
magnon energy of MnV2O4 shows an anomalous soften-
ing with decreasing temperature below TN . We propose
that this softening reflects strong coupling between vibra-
tional and magnetic excitations near the zone boundary
in MnV2O4, and we suggest that high-resolution neu-
tron scattering studies of zone boundary magnons and/or
phonons are needed to further elucidate the nature of this
strong spin-phonon coupling.
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